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Cf) , We are aiming to construct Quark Hadron Physics and Confinement Physics based on 



QCD. Using SU(3) C lattice QCD, we are investigating the three-quark potential at T = 



t^. ' and T ^ 0, mass spectra of positive and negative-parity baryons in the octet and the 
decuplet representations of the SU(3) flavor, glueball properties at T = and T^0. We 
study also Confinement Physics using lattice QCD. In the maximally abelian (MA) gauge, 
the off-diagonal gluon amplitude is strongly suppressed, and then the off-diagonal gluon 
Ph! phase shows strong randomness, which leads to a large effective off-diagonal gluon mass, 
M g ~ 1.2GeV. Due to the large off-diagonal gluon mass in the MA gauge, infrared 
QCD is abelianized like nonabelian Higgs theories. In the MA gauge, there appears 
a macroscopic network of the monopole world-line covering the whole system. From 
the monopole current, we extract the dual gluon field B^, and examine the longitudinal 
magnetic screening. We obtain ~ 0.5 GeV in the infrared region, which indicates the 
dual Higgs mechanism by monopole condensation. From infrared abelian dominance and 
infrared monopole condensation, low-energy QCD in the MA gauge is described with the 
dual Ginzburg-Landau (DGL) theory. 

1. Quark Hadron Physics from Lattice QCD 

Quantum chromodynamics (QCD) established as the fundamental theory of the strong 
interaction takes a simple form [HH2], 

£qcd = —trG^G^ + q{%P - m q )q, (1) 

however, it is still hard to understand nonperturbative phenomena, such as color con- 
finement and dynamical chiral-symmetry breaking, due to the infrared strong-coupling 
feature [EJI2I- m this decade, lattice QCD Monte Carlo calculations have been developed 
and have been mainly applied to (i) hadron spectroscopy and (ii) finite temperature QCD 
phase transition, with a great success. However, lattice QCD is applicable also to (iii) 
Quark Hadron Physics and (iv) Confinement Physics, as a useful and reliable method. 

Our group is aiming to construct Quark Hadron Physics and Confinement Physics 
based on lattice QCD. Our strategy is to adopt lattice QCD calculations to the relevant 
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quantities pointed out in Quark Hadron Physics or Confinement Physics, in order to 
obtain the reliable physical picture based on QCD. 

In relation to Quark Hadron Physics, we are investigating several important subjects 
in Quark Hadron Physics using SU(3) C lattice QCD at the quenched level as follows. 

1. We numerically derive the static three-quark (3Q) potential V3Q at T = 0, which is 
responsible to the baryon properties, and find that V3Q is well reproduced by the 
sum of a constant, the Coulomb term and the linear confinement term proportional 
to the total flux-tube length, with the accuracy better than a few % [3-5]. 

2. From the Polyakov-loop correction, we obtain the Q-Q potential and the 3Q poten- 
tial at T 7^ 0, which characterize the hadron structure at T 7^ 0. 

3. We measure the lowest mass of the positive and the negative parity baryons in 
singlet, octet and decuplet representations of the SU(3) flavor, respectively [Ej. 
The experimentally observed A(1405) is much lighter than the corresponding baryon 
with the mass of 1.6GeV on the lattice, which may suggest the KN molecule picture 
for A (1405). The octet-decuplet baryon mass splitting is also investigated. 

4. We are investigating the glueball properties both at T = and at T 7^ 0. 

Here, for the accurate measurement of the 3Q potential at T = and the lowest hadron 
mass in each channel, we adopt the smearing technique which reduces the excited-state 
contamination. Furthermore, to get maximal information on the temporal correlation, 
we use anisotropic lattices where the temporal lattice spacing at is finer than the spatial 
lattice spacing a s [ [H] . In particular, the anisotropic lattice is quite useful for the finite 
temperature QCD, because of the limitation of the temporal distance [|7j. 

Since these studies are introduced in [5-7], we mainly present the recent progress of our 
studies on Confinement Physics based on SU(2) lattice QCD at the quenched level. 

2. Confinement Physics from Lattice QCD 

To understand the confinement mechanism is one of the most difficult problems re- 
maining in the particle physics. As the Regge trajectories and lattice QCD calculations 
indicate, quark confinement is characterized by one- dimensional squeezing of the color- 
electric flux and the string tension a ~ lGeV/fm, which is the key quantity of confine- 
ment. On the confinement mechanism, Nambu first proposed the dual superconductor 
theory for quark confinement [|H], based on the electro- magnetic duality in 1974. In this 
theory, there occurs the one-dimensional squeezing of the color-electric flux by the dual 
Meissner effect due to condensation of bosonic color-magnetic monopoles. However, there 
are two large gaps between QCD and the dual superconductor theory [2,9-11] 

1. The dual superconductor theory is based on the abelian gauge theory subject to the 
Maxwell-type equations, where electro-magnetic duality is manifest, while QCD is 
a nonabelian gauge theory. 

2. The dual superconductor theory requires color-magnetic monopole condensation 
as the key concept, while QCD does not have color magnetic monopoles as the 
elementary degrees of freedom. 



3 



These gaps may be simultaneously fulfilled by taking MA gauge fixing, which reduces 
QCD to an abelian gauge theory including color-magnetic monopoles. 

In Euclidean QCD, the maximally abelian (MA) gauge is defined so as to minimize the 
total amount of the off-diagonal gluons [2,9-11] 

R oS [AM = J d'x tv{[b»,H][D»,H?} = jj d*xJ2\A«(x)\ 2 (2) 

by the SU(iV c ) gauge transformation. Here, we have used the Cartan decomposition, 
A^(x) = Afj,(x) ■ H + J2 a A^(x)E a . Since the SU(iV c ) covariant derivative operator 
1)^ = <9 M + ieA^ obeys the adjoint gauge transformation, the local form of the MA gauge 
condition is easily derived as [H, [D^, [D^, H]}] = 0. In the MA gauge, the gauge sym- 
metry G = SU(A^ c )i oca i is reduced into H = U(l)^ £d 1 x Weylf£ bal , where the global Weyl 
symmetry is a subgroup of SU(iV c ) relating the permutation of N c bases in the funda- 
mental representation. In the MA gauge, off-diagonal gluons behave as charged matter 
fields like in the Standard Model, and provide the color-electric current in terms of 
the residual abelian gauge symmetry. In addition, color-magnetic monopoles appear as 
topological objects reflecting the nontrivial homotopy group [2,9-14] 

n 2 (su(iv c )/u(i) 7Vc - 1 ) = n^ua)^- 1 ) = z^- 1 (3) 

in a similar manner to similarly in the GUT monopole. Here, the global Weyl symmetry 
and color-magnetic monopoles are relics of nonabelian nature of QCD. 

In this way, in the MA gauge, QCD is reduced into an abelian gauge theory including 
color-magnetic monopoles, which is expected to provide a theoretical basis of the dual 
superconductor theory for quark confinement. Furthermore, recent lattice QCD studies 
show remarkable features of abelian dominance and monopole dominance for nonpertur- 
bative QCD (NP-QCD) in the MA gauge. 

1. Without gauge fixing, all the gluon components equally contribute to NP-QCD, and 
it is difficult to extract relevant degrees of freedom for NP-QCD. 

2. In the MA gauge, QCD is reduced into an abelian gauge theory including the electric 
current and the magnetic current which forms a global network of the monopole 
world-line covering the whole system. (See Fig. 3(a).) In the MA gauge, lattice QCD 
shows abelian dominance for NP-QCD (confinement [E], gluon propagators [ 115]. 
chiral symmetry breaking [E|) : only the diagonal gluon is relevant for NP-QCD, 
while off-diagonal gluons do not contribute to NP-QCD. 

3. By the Hodge decomposition, the diagonal gluon is decomposed into the "photon 
part" (jp 7^ 0, kp = 0) and the "monopole part" (fc M ^ 0, = 0), corresponding to 
the separation of and k^. In the MA gauge, lattice QCD shows monopole domi- 
nance [17-19] for NP-QCD: the monopole part leads to NP-QCD, while the photon 
part seems trivial like QED and does not contribute to NP-QCD. For example, on 
the Q-Q potential, the purely linear potential appears in the monopole part, while 
the Coulomb potential appears in the photon part like QED [I16j. 

Thus, in the MA gauge, QCD is reduced into an abelian gauge theory with color-magnetic 
monopoles, keeping essence of infrared nonperturbative features, and the relevant collective 
mode for NP-QCD can be extracted as the color- magnetic monopole. 
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Figure 1. (a) The probability distribution P(Ax) of the difference Ax = ~ X^( s + 

z>)|(mod7r) in the MA gauge plus U(l) 3 Landau gauge at (3=0 (a = oo, thin line), /3= 1 .0 
(a ~ 0.57fm, dotted curve), (3=2 .4 (a ~ 0.127fm, solid curve), (3=3.0 (a ~ 0.04fm, dashed 
curve), (b) The off-diagonal gluon contribution to the Wilson loop Wq v.s. the perimeter 
length L = 2{R + T) in the MA gauge on 16 4 lattice with (3=2 .4. The thick line denotes 
the theoretical estimation in Eq.(4). 



2.1. Strong Randomness of Off-diagonal Gluon Phase, Abelian Dominance 
and Large Mass of Off-diagonal Gluons in MA Gauge 

To find out essence of the MA gauge, we study the off-diagonal gluon field = 
775 ± iA 2 ^) in the MA gauge in SU(2) lattice QCD. There are two remarkable features 
in the off-diagonal gluon field A^(x) = e ±ix ^\A±(x)\ in the MA gauge [2,9-11]. 

1. The off-diagonal gluon amplitude is strongly suppressed by SU(A C ) gauge 
transformation in the MA gauge. 

2. The off-diagonal gluon phase Xn{ x ) tends to be random, because Xn( x ) is n °t con- 
strained by MA gauge fixing at all, and only the constraint from the QCD action is 
weak due to a small accompanying factor | A^ | . 

Now, we consider the difference Ax = \x^( s ) ~ Xm( s + ^)|(mod7r) in the MA gauge. If 
the off-diagonal gluon phase Xfi( x ) is a continuum variable, as the lattice spacing a goes 
to 0, A% ~ a\d v Xp\ must go to zero, and hence P(Ax) approaches to the 5-function like 
5(Ax)- However, as shown in Fig. 1(a), P(Ax) is almost a-independent and almost flat. 
These features indicate the strong randomness of the off-diagonal gluon phase Xn( x ) m 
the MA gauge. Then, Xfi{ x ) behaves as a random angle variable in the MA gauge. 1 

Within the random-variable approximation for the off-diagonal gluon phase Xm( s ) m the 
MA gauge, we analytically prove abelian dominance of the string tension [2,9-11] from the 
analysis of the SU(2) Wilson loop (W c [A a ^]), the abelian Wilson loop (W C [A± = 0, A^])ma 
and the off-diagonal gluon contribution to the Wilson loop W^f = (W / c*[A^])/(H/c[^ = 

^^Near the monopole, a large amplitude of |A^(s)| remains even in the MA gauge, and Xm( s ) ^ s constrained 
so as to reduce the QCD action. Hence, x /i (s) cannot be regarded as a random variable near monopoles. 
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0, A^])ma- The point is the cancellation of the off-diagonal gluon contribution due to the 
random phase as (e tXt> ^)uA — ^ So^ dx^{s)e tx ^ = 0. 

Near the continuum limit a ~ 0, we find a relation between the macroscopic quantity 
W{f and the microscopic quantity of the off-diagonal gluon amplitude (|ev4^| 2 ) M A as 

W° s = (Wc[A$)/(W c [A$ = 0, AJ]) MA * exp{L phys a(|e4| 2 ) M A/4} (4) 

with the perimeter L p h ys = La of the Wilson loop. This relation is checked in lattice 
QCD as shown in Fig. 1(b). In fact, the off-diagonal gluon contribution W^f obeys the 
perimeter law, 2 and then perfect abelian dominance for the string tension, o"su(2) = CAbeb 
is derived by regarding off-diagonal gluon phases to be random in the MA gauge. 

As another remarkable fact, strong randomness of off- diagonal gluon phases leads to 
rapid reduction of off-diagonal gluon correlations. In fact, if Xni x ) is a complete random 
phase, Euclidean off-diagonal gluon propagators exhibit the ^-functional reduction as 

W*)4;(y))^HW^ (5) 

which means the infinitely large mass of off-diagonal gluons. Of course, the real off- 
diagonal gluon phases are not complete but approximate random phases. Then, the off- 
diagonal gluon mass would be large but finite. Thus, strong randomness of off-diagonal 
gluon phases is expected to provide a large effective mass of off- diagonal gluons. 

2.2. Large Mass Generation of Off-diagonal Gluons in MA Gauge : Essence 
of Infrared Abelianization of QCD 

We quantitatively study the Euclidean gluon propagator G a ^ v {x — y) = (A a Jx)A h v (y)) 
(a, 6 = 1,2, 3) and the off-diagonal gluon mass M Q fj in the MA gauge, using SU(2) lattice 
QCD with 2.2 < (3 < 2.4 and various sizes (12 3 x 24, 16 4 , 20 4 ). As for the resid- 
ual U(l) 3 gauge symmetry, we take U(l) 3 Landau gauge, to extract most continuous 
gluon configuration under the MA gauge constraint, for the comparison with the con- 
tinuum theory. The continuum gluon field A a ^(x) is derived from the link variable as 
Ufj,(s) = expjmeA^s) 2 ^ }. We show in Fig. 2(a) the scalar-type gluon propagators GjL(r) 
and G ^( r ) = ( A t( x ) A »(y)) = \{ G l^ r ) + G l n( r )}> which depend only on the four- 
dimensional Euclidean distance r = J {x^ — y^) 2 . We find infrared abelian dominance for 
the gluon propagator in the MA gauge: only the abelian gluon A^(x) propagates over the 
long distance and can influence the infrared physics [ ITUl 111! ITo] . 

Since the four-dimensional Euclidean propagator of the massive vector boson with the 
mass M takes a Yukawa-type asymptotic form as 

^ / n 3 \/ ,. , , , N 1 r4/ v 3M 1 / 2 e ~ Mr 

G ^ = 4^ l(Mr) + M 2 - V) * 2(2^7^' (6) 

the infrared effective mass M g of the off-diagonal gluon A^(x) can be extracted from the 
slope in the logarithmic plot of r 3 / 2 G+~ (r) ~ exp(— M Q fjr) in Fig.2(b). From the slope 
analysis of the lattice QCD data with r > 0.2fm, we obtain the off-diagonal gluon mass 
as M off ~ 1.2 GeV in the MA gauge. 

2 The off-diagonal contribution W(f becomes trivial as W^f — > 1 in the continuum limit a — > 0. 
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Figure 2. (a) The scalar-type gluon propagator G a (r) as the function of the four- 
dimensional distance r in the MA gauge in SU(2) lattice QCD with 2.2 < (3 < 2.4 with 
various sizes (12 3 x 24, 16 4 , 20 4 ). (b) The logarithmic plot of r 3 / 2 G a (r) v.s. r. The off- 
diagonal gluon propagator behaves as the Yukawa- type function, G w ~ ggpCz^ggri _ ( c ) 
The logarithmic plot of the temporal correlation r+~(r) = (O+(r)O~(0)) as the function 
of the temporal distance r in SU(2) lattice QCD with 2.3 < (3 < 2.35 with 16 3 x 32 and 
12 3 x 24. From the slope in (b) and (c), the effective mass of the off-diagonal gluon 
is estimated as M Q s ~ 1.2GeV. 



We carry out also the mass measurement of off-diagonal gluons from the temporal cor- 
relation of the zero-momentum projected operator O^(t), 

r+7(r) = (O+(r)O;(0)), Oj(r) = |dx Aj(x,r), (7) 

in the MA gauge plus U(l) 3 Landau gauge, in SU(2) lattice QCD with 2.3 < (3 < 2.35 
with 16 3 x 32 and 12 3 x 24. Again, we find the off-diagonal gluon mass M Q s ~ 1.2GeV in 
the MA gauge from the slope of the logarithmic plot of r+~(r) in Fig.2(c) ITUj. 

Thus, the off-diagonal gluon acquires a large effective mass M g- ~ 1.2GeV in the 
MA gauge, which is essence of infrared abelian dominance ^ n ^ ne ^A § au § e ' 

due to the large effective mass M off ~ 1.2GeV, off-diagonal gluons A^ can propagate only 
within a short range as r < ~ 0.2fm, and becomes infrared inactive like weak bosons 
in the Standard Model. Then, in the MA gauge, off-diagonal gluons A^ cannot contribute 
to the infrared NP-QCD, which leads to infrared abelian dominance. 

2.3. QCD-Monopole Structure in terms of the Off-diagonal Gluon 
and Infrared Monopole Condensation 

In the MA gauge, there appears a global network of monopole world-lines covering 
the whole system as shown in Fig. 3 (a), and this monopole-current system (the monopole 
part) holds essence of NP-QCD. We examine the dual Higgs mechanism by monopole 
condensation in this NP-QCD vacuum in the MA gauge using SU(2) lattice QCD [10,11]. 
So far, the "electric sector" in QCD has been well studied with the Wilson loop, since 
QCD is described by the "electric variable" such as quarks and gluons. To investigate the 



7 



hidden "magnetic sector" , it is useful to introduce the "dual (magnetic) variable" such as 
the dual gluon field B^, which is the dual partner of the diagonal gluon A 3 ^ and directly 
couples with the magnetic current k^. Owing to the absence of the electric current in 
the monopole part, the dual gluon can be introduced as the regular field satisfying 
(dAB)^ w = *F IXV and the dual Bianchi identity, <9 M *(<9 A B) ^ = j u = 0. In the dual Landau 
gauge d^B^ = 0, the field equation is simplified as d 2 B^ = d a *F afl = and the dual 
gluon field can be obtained from the monopole current k^ as 

B,{x) = (d-%)(x) = - JL/ d*yj^. (8) 



Here, the mass generation of the dual gluon B^ physically means the dual Higgs mecha- 
nism by monopole condensation, and leads to the longitudinal magnetic screening, which 
can be observed in the following phenomena [ EH IS] • 

1. Due to the longitudinal screening effect on the magnetic flux, the inter- monopole 
potential Vm(t) is screened and behaves as a short-range Yukawa potential. 

2. The Euclidean dual gluon propagator (B fl (x)B u (y))MA is exponentially reduced as 
in Eq.(6). 

Through these tests using lattice QCD, we investigate the dual gluon mass mg. 

First, by putting test magnetic charges in the monopole-current system in the MA 
gauge in SU(2) lattice QCD, we define the dual Wilson loop Wd(C) [EH HI] as 

W D (C) = exp{z| j c dx,B»} = exp{z| J f da^F^}, (9) 

which is the dual version of the abelian Wilson loop H'Abei(C) = exp{i| § c dx^A 1 ^} = 
exp{i| jj da ia ,F ttv } . The monopole-antimonopole potential Vm{t) can be derived as Vm(t) = 
— limT-4cx> ^^(Wd{t, t)) from the dual Wilson loop. In the monopole part in the MA 

gauge, Vjaf (r) behaves as the Yukawa potential Vm{t) — —^^-^-7^- at the long dis- 
tance, as shown in Fig.3(b). From the infrared behavior of Vm{t), the dual gluon mass is 
estimated as uib — 0.5GeV in the MA gauge. 

Second, we investigate also the Euclidean scalar-type dual gluon propagator (B fl (x)B tl (y))MA 
as shown in Fig.3(c), and estimate the dual gluon mass as itlb — 0.5 GeV from its long- 
distance behavior [ ITUIITT] . 

From these two tests, we obtain the dual gluon mass mg ~ 0.5 GeV in the infrared 
region, as the direct evidence of the dual Higgs mechanism by monopole condensation. 

To conclude, lattice QCD in the MA gauge exhibits infrared abelian dominance and in- 
frared monopole condensation, and hence the dual Ginzburg-Landau (DGL) theory [14,22- 
30] can be constructed as the infrared effective theory based on QCD. 

Here, we compare the QCD-monopole with the point-like Dirac monopole. In QED, 
there is no point-like monopole, because the QED action diverges around the point-like 
monopole. The QCD-monopole also accompanies a large abelian action density, however, 
the total QCD action is kept finite even around the QCD-monopole, owing to cancellation 
with the off- diagonal gluon contribution. This is the reason why monopoles can appear in 
QCD. In [2,9-11], using SU(2) lattice QCD, we investigate the QCD-monopole structure 
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Figure 3. The SU(2) lattice-QCD results in the MA gauge, (a) The monopole world-line 
projected into R 3 on the 16 3 x 4 lattice with (3 = 2.2 (the confinement phase). There 
appears a global network of monopole currents covering the whole system, (b) The inter- 
monopole potential Vm(V) v.s. the three-dimensional distance r in the monopole- current 
system on the 20 4 lattice. The solid curve denotes the Yukawa potential with mg = 
0.5GeV. The dotted curve denotes the Yukawa-type potential including the monopole-size 
effect, (c) The scalar-type dual gluon correlation ln(r^ 2 (B tl (x)B fl (y))uA) as the function 
of the four- dimensional Euclidean distance te on the 24 4 lattice. The slope corresponds 
to the dual gluon mass m#. (d) The schematic figure of the QCD- monopole structure 
in the MA gauge. The QCD-monopole includes a large amount of off-diagonal gluons 
around its center as well as the diagonal gluon. 
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From Lattice QCD to Dual Ginzburg-Landau Theory 

— Infrared Effective Theory directly based on QCD — 



QCD : SU(3) C Nonabelian Gauge Theory 



Maximally Abelian (MA) Gauge Fixing 

( partial gauge fixing ) [ G.'t Hooft . NPB 190('81)455 ] 



U(l)3 x U(l)g Abelian Gauge Theory + QCD-monopole 



Lattice QCD studies 

• Abelian Dominance 

Only diagonal gluon is relevant 
for NP-QCD 

• Monopole Condensation 



71 2 [SU(3)/{U(1) 3 XU(1) 8 }]=Z2 00 

• -hv > • 

hedgehog color-magnetic monopole 
configuration 

[cf. GUT - monopole] 



— Dual Ginzburg-Landau Theory 

^dgl= - ^tr(^5 v - d v B^) 2 +tr[^ + gB^, X? + Z% X\ 

Bn = BfijLfr B*T d l dl : dual gluon field 
X = XaEa dl - QCD-monopole field 



An 



g = — : dual gauge coupling constant 
X : coupling of monopole self-interaction 
v : imaginary mass of monopole — > monopole condensate 



Dual Gauge Symmetry is spontaneously broken instead of Gauge Symmetry 



Figure 4. The dual Ginzburg-Landau (DGL) theory from lattice QCD in the MA gauge. 
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in the MA gauge in terms of the SU(2) action density iSsu(2)> the abelian action density 
S'Abeb an d the off-diagonal contribution S Q s = Ssu(2) — ^Abei- We summarize the results 
on the QCD-monopole structure and its related topics as follows. 

1. Around the QCD-monopole, the abelian action density 5*Abei takes a large value, 
but the off-diagonal gluon contribution S Q s cancels with the abelian fluctuation and 
keeps the total QCD-action density Ssu(2) small. 

2. The QCD-monopole has an intrinsic structure relating to the large amount of off- 
diagonal gluons around its center like the 't Hooft-Polyakov monopole. (See Fig. 3(d).) 
At a large scale, off-diagonal gluons inside the QCD-monopole become invisible, and 
QCD-monopoles can be regarded as point-like Dirac monopoles. 

3. From the concentration of off-diagonal gluons around QCD-monopoles in the MA 
gauge, we can predict a local correlation between monopoles and instantons: in- 
stantons tend to appear around the monopole world-line in the MA gauge, because 
instantons need full SU(2) gluon components for existence [9-11,18-21]. 

2.4. Gluonic Higgs and Gauge Invariant Description of MA Projection 

In the MA gauge, the gauge group G = SU(iV c ) is partially fixed into its subgroup 
H = ^xo~i x Weyl^° bal , and then the gauge invariance becomes unclear. 3 In this section, 
we propose a gauge invariant description of the MA projection in QCD. Even without 
explicit use of gauge fixing, we can define the MA projection by introducing a "gluonic 
Higgs scalar field" <j)(x). For a given gluon field configuration {A^x)}, we define a gluonic 
Higgs scalar <p(x) = Q(x)HQ Jf (x) with Q(x) £ SU(iV c ) so as to minimize 

R[$(.)] = J d A x tr{[D,J(x)][D,J(x^}. (10) 

We summarize the features of this description as follows [ 121 E] • 

1. The gluonic Higgs scalar 4>(x) does not have amplitude degrees of freedom but has 
only color-direction degrees of freedom, and 4>(x) corresponds to a "color-direction" 
of the nonabelian gauge connection averaged over \x at each x. 

2. Through the projection along (p(x), we can extract the abelian XJ(l) Nc ~ 1 sub-gauge- 
manifold which is most close to the original SU(iV c ) gauge manifold. This projection 
is manifestly gauge invariant, and is mathematically equivalent to the ordinary MA 
projection [121 El- 

3. Similar to D^, the gluonic Higgs scalar (p(x) obeys the adjoint gauge transformation, 
and (p(x) is diagonalized in the MA gauge. Then, monopoles appear at the hedgehog 
singularities of 0(x) as shown in Fig. 5 [ 013 El- 

4. In this description, infrared abelian dominance is interpreted as infrared relevance 
of the gluon mode along the color-direction 4>(x), and QCD seems similar to a 
nonabelian Higgs theory. 



In Refs. [1211^1 II 9|. we show a useful gauge-invariance criterion on the operator Oma- If Oma defined in 
the MA gauge is H -invariant, Oma is also invariant under the whole gauge transformation of G. 
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Figure 5. The correlation between the gluonic Higgs scalar field 4>{x) = a (x)^ and 
monopoles (dots) in SU(2) lattice QCD with (3 = 2.4 and 16 4 . The arrow denotes the 
SU(2) color direction of ((f) 1 (x), 4> 2 {x), 3 (x)). The monopole appears at the hedgehog 
singularity of the gluonic Higgs scalar (f>(x). 
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